INTRODUCTION
Variations in the concentration of gas phase components within a burning cigar~tte are determined by four· basic processes: oxidation, reduction, pyrolysis, and diffusion. Exploration of these variations has given some insight into how the above processes contribute to the composition of gas phase cigarette smoke (1, 2, 3, 4) . This paper reports the measurement of the concentration of oxygen, nitrogen, carbon monoxide, methane, and carbon dioxide along the axis of a cigarette during a two-second, 35 emS puff. These measurements were made in order to get further insight into the combustion reaction processes associated with a cigarette under puffing conditions. A one-dimensional combustion reaction profile has been constructed from these data and other available combustion reaction kinetic parameters.
EXPERIMENTAL
The cigarettes used in these experiments were typical American blend filter cigarettes, 84 mm long with a 4 mm radius and sixteen Greiner-second paper which had a mean thickness of .0045 cm. The smoking machine withdraws 35 cm 3 of smoke in two seconds at a constant rate of withdrawal. The sampling device shown in Figure 1 had a stainless steel probe with a 0.41 mm inside diameter. The total internal volume of the probe, microvalve, sample loop, filter and filter holder was 460 !J.l. The sample loop, filter, and filter holder were evacuated prior to taking a puff on the cigarette. During the second puff, the microvalve at the base of the sample probe was timed to open so that the loop was filled during the middle of the puff. The gases collected in the loop, which had a 250 !J.l volume, were then injected into the gas chromatograph. The Bendix 2200 gas chromatograph used in these experiments was equipped with a thermal conductivity detector, programmable column oven temperature control, and two 9 ft. X 1 /s in. stainless steel columns packed with Supelco Carbosieve-B packing material. The oven was programmed to heat at a rate of 10° C/min after a six-minute hold at 30° C. The detector signal was recorded by a Honeywell Electronic 194 recorder which had a 1 millivolt full scale sensitivity. Helium was used as a can;ier gas with a flow rate of 50 ml/min. Calibrations for each of the gases ·were made with Matheson Co. ultra pure gases. Gas sampling device. The sample probe was positioned within the cigarette in a manner similar to that described by Baker and Kilburn (4) . A hole was drilled through the length of the cigarette at the axis by a drill rod. The drill rod, which had the same outside diameter as the sample probe was pointed on both ends. The pointed end of the drill rod which protruded from the filter end of the cigarette was then inserted into the sampling end of the probe. The cigarette was then moved down the drill rod and onto the probe to the desired position. The cigarette was then compressed slightly to remove any hole left along the axis after the drill rod was removed. Each cigarette coal was extinguished with liquid nitrogen immediately after a puff and the char line position was measured. The cigarette was then carefully cross-sectioned to check the radial location of the .end of the probe. Although the effect of the steel probe on the temperature distribution along the axis of the cigarette rod was not measured directly, the apparatus of Laszlo and Watson (5) was used to measure the peak coal temperature of cigarettes with and without the probe inserted, and no difference was detected. 
Gas Concentration Profiles
The idealized model temperature profile for a burning cigarette presented by Hobbs (6) is used as a first order approximation for the analysis of the second puff concentration data. The Hobbs model indicates that for distances greater than +1.5 cm from the char line, the tobacco rod is essentially at room temperature. Changes in gas concentration which occur in this isothermal region should be due primarily to the diffusion of gases into or out of the rod through the paper. Owen and Reynolds (2) have presented a model for isothermal diffusion of gases through cigarette paper. An equation derived from this model is:
lnC=lnCo+Mx, where C concentration of a particular gas, Co value of C at the beginning of the isothermal region, diffusion coefficient of the gas through the paper, cigarette radius, linear gas velocity, distance from the char line.
Smooth concentration curves for each gas in the isothermal region were obtained from least squares fitting of the above equation to the data. In the nonisothermal region, -1.5 cm to 1.5 cm from the char line, smooth concentration curves were obtained by localized polynomial fitting. Smoothed curves for each gas, except nitrogen, are shown in Figures 2 through 5· Small differences between the partial pressures of nitrogen inside and outside of the cigarette probably account for deviations of the measured nitrogen concentrations in the isothermal region from those predicted by the diffusion equation.
Combustion Reaction Profile
Gas samples collected from small volumes along the axis of a cigarette rod during a puff consist of gases which evolve from within that volume plus gases which flow from points "up-stream". In that sense, the concentration curves are cumulative in nature, and their derivatives with respect to axial position can be used as a one-dimensional map of the sources and sinks of the gases. Figure 6 shows the numerical derivatives of the smoothed concentration curves for oxygen, carbon dioxide, and carbon monoxide. A one-dimensional combustion profile was constructed from a combination of input from the derivative curves, the Hobbs temperature model (6) , and available information about reactions which occur in burning cigarettes. This profile indicating the general order and location of the reactions is shown in Figure 7· It should be noted that these experiments were necessarily conducted under non-isokinetic conditions, i.e., the velocity of gases within the probe during sampling was greater than the velocity of gases in the cigarette itself. Because of this the axial location of the measured concentrations should be shifted slightly in the direction opposite to gas flow. Since the extent of this shift has 5 not yet been determined, the derivatives are taken for the experimentally determined data. The reactions which are thought to occur in each of the zones are as follows:
Zone one-: Carbon monoxide and carbon dioxide are formed by carbon oxidation. Hydrogen is liberated from the solid and reacts with the char base to form methane in a high temperature region where the oxygen concentration is low.
Zone two: Air enters the rod around the coal. Carbon monoxide js oxidized to carbon dioxide.
Zone three: Carbon dioxide is reduced to carbon monoxide over hot char.
Zone four: Carbon monoxide and carbon dioxide are formed by pyrolysis.
Zone five: Gases diffuse isothermally into and out of the cigarette rod.
The observations upon which the reactions associated with each zone were determined are as follows:
Zone one: (a) The derivative curves for carbon monoxide and carbon dioxi(ie show sharp positive peaks. (b) The peak temperature of the Hobbs model occurs in this zone. Recent peak temperature measurements by Lendvay and Laszlo (7) and Baker and Kilburn (4), were in general agreement with the Hobbs model and indicated, that the peak temperature is sufficient for carbon oxidation. (c) The oxygen supplied by room air is reduced by ninety-two percent whereas atmospheric nitrogen which is displaced by combustion products is reduced by only twenty percent (Figures 2 and 5) . Zone three: (a) There is a positive peak in the carbon monoxide derivative and a corresponding dip in the carbon dioxide derivative. (b) The reduction of carbon dioxide in this general region has been deduced by others (1) . (c) The oxygen which was introduced around the coal was partially consumed by the carbon dioxide created by gas phase oxidation, thereby creating a region conducive to reduction.
Zone four: (a) There are positive peaks in the carbon monoxide and carbon dioxide curves.
(b) The production of carbon monoxide and carbon dioxide by pyrolytic reactions has been reported (4, 6).
Zone five: (a) The temperature here is ambient.
(b) There is good correlation between the raw data and the isothermal diffusion expression for most gases.
The concentrations of hydrogen and gas phase water were not measured in these experiments and therefore the combustion profile does not reflect the contributions of gas phase water. Some speculations can be made about the sot,trces of these two gases based on the following observations of the concentration data. First, the generation of hydrogen in Zone one would be consistent with the corresponding formation of methane at that location. Second, analysis has shown that pyrolytic processes which produce carbon monoxide and carbon dioxide in Zone four are the source of 98 °/o of the gas phase water in main stream cigarette smoke (11). If hydrogen and water were present in a sample from a given position they would not have been detected by the chromatographic system used in these experiments. The total volume percent concentration of gases which were collected by the sample loop but not measured by the chromatographic system was found by subtracting the sum of the concentrations of the measured gases at each position from 100 percent. The concentration of unmeasured gases from the regions where hydrogen and water are thought to evolve is shown in Figure 8 . The peaks in Figure 8 are consistent with the above speculations.
Model Temperature Profile
A revised temperature profile derived from the combustion profile is compared with a profile derived from the model given by Hobbs (6) in Figure 7· The five points upon which this profile is constructed ate as follows:
1. Ambient temperature is used for the position where carbon dioxide departs from ambient concentration.
2. The peak coal temperature from Lendvay and Laszlo is used for the position where the carbon monoxide derivative reaches its maximum in Zone one. This is the point of maximum heat release for the coal.
3·
The minimum temperature to sustain the disproportionation reaction, as derived from the thermodynamics of the reaction reported by Lewis and Von Elbe (9) , is used for the position where that reaction terminates in Zone three.
4·
The temperature at which pyrolytic production of carbon monoxide and carbon dioxide occurs when M -20/ru. 0 = diffusion coefficient of the gas through the paper.
=:= cigarette radius. u = linear gas velocity.
tobacco is heated at the rate observed in cigarettes (1o) is used for the position where the derivatives of these two gases peak in Zone four.
5. Ambient temperature is used for the position where isothermal diffusion begins.
The major difference between this profile and that given by Hobbs (6) is in the shape of the cooling edge of the thermal wave. Inflections in the cooling curve are suggested by the reaction profile. The reaction C + COr 2CO is endothermic and would therefore increase the rate of cooling. An increase in the rate of evolution of mass due to pyrolytic production of gases could decrease the cooling rate. The pyrolytic reactions, on the other hand, are endothermic and would increase the cooling rate.
Isothermal Diffusion
The equation In C = In Co + Mx produces the values for the coefficients of diffusion through cigarette paper for oxygen, carbon monoxide, carbon dioxide and methane, shown in Table 1 .. The absolute diffusivities o£ these gases through cigarette paper are found by multiplying the diffusion coefficients of each gas by the cigarette paper thickness. The higher value of D for oxygen is attributed to the fact that oxygen enters the cigarette with the total pressure gradient, whereas the other gases diffuse against the pressure gradient. Owen and Reynolds (2) obtained diffusivities of o.oo1.6 and o.oo21. for carbori monoxide and methane respectively for 70 mm long, 4.1. mm radius cigarettes of U.K. flue-cured blend with sixty Greiner-second paper which had a mean thickness of o.oo:H cm. In view of the differences between the porosity of the cigarette paper used by Owen and Reynolds and the porosity of the cigarette paper used in the experiments reported in this work, the two sets of values obtained for the diffusivities of carbon monoxide and ·methane show reasonable agreement.
SUMMARY
A technique for axial concentration measurements of several gas phase components of cigarette smoke during a two-second puff has been described. Gas concentration profiles constructed from these measurements were used to determine the axial order of the reactions which determine these concentrations.
A one-dimensional model combustion reaction profile and a one-dimensional model coal temperature profile were presented. The diffusivities of several combustion gases through cigarette paper were calculated from the concentration data using the Owens-Reynolds model for the isothermal diffusion of gases through cigarette paper. 
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